Nonuniform switching of the perpendicular magnetization in a spin-torque-driven magnetic nanopillar. Physical
Time-resolved scanning transmission x-ray microscopy measurements were performed to study the currentinduced magnetization switching mechanism in nanopillars exhibiting strong perpendicular magnetic anisotropy. This technique provides both short-time (70 ps) and high-spatial (25 nm) resolutions. Direct imaging of the magnetization demonstrates that, after an incubation time of ∼1.3 ns, a 100 × 300 nm 2 ellipsoidal device switches in ∼1 ns via a central domain nucleation and opposite propagation of two domain walls toward the edges. High domain-wall velocities on the order of 100 m/s are measured. Micromagnetic simulations are shown to be in good agreement with experimental results and provide insight into magnetization dynamics during the incubation and reversal periods. Spin-polarized current-induced magnetization switching (CIMS) has now been reported in many experimental works involving a wide variety of geometries including point contacts, nanopillars (spin valves or tunnel junctions), and nanowires with or without notches. 1 These systems are extensively studied, in part, because they hold the potential for applications in spin-transfer magnetic random access memory. 2 Interest in materials with perpendicular magnetic anisotropy (PMA) has grown considerably as a pathway for lowering the critical current required to switch the magnetization while maintaining thermal stability as compared with in-plane systems. 3, 4 This interest has, to a large degree, stemmed from calculations of the switching behavior using a macrospin approximation. 5 Although reproducible ultrafast switching with high efficiency has been demonstrated, 6 the macrospin model has not been consistent with all experimental results.
To fully understand CIMS dynamic phenomena in PMA materials, two time scales need to be considered: a long-time scale dominated by thermal activation 7, 8 and a short-time scale dominated by angular momentum conservation. 6, 7 Early studies on spin transfer in PMA-based devices have been devoted to a description of quasistatic phenomena on longer time scales. Only very recent experiments have used time-resolved transport measurement with current pulses as short as 300 ps. 6, 7 In this Rapid Communication, we present the results obtained by studying the CIMS mechanism in PMA nanopillars at nanometer length scales and picosecond time scales using scanning transmission x-ray microscopy (STXM) images taken while injecting a spin-polarized current. These images are further compared with micromagnetic simulations. We demonstrate that, in 100 × 300 nm 2 devices, CIMS starts with preswitching dynamics that result in the nucleation of a reversed magnetic domain. The switching mechanism is completed by two domain walls propagating in opposite directions and their subsequent annihilation at the edge of the pillar. The delay time, domain nucleation, and domainwall propagation are discussed. A domain-wall velocity of ∼100 m/s is measured and is shown to be consistent with micromagnetic simulations. 9 The multilayer samples were deposited by dc magnetron sputtering at 2 mTorr Ar pressure onto ambient-temperature open a 200 × 200 nm 2 window in the Si wafer. The spin-torque devices sit in the center of this window on a 300 nm-thick Si 3 N 4 membrane chosen for its transparency to x-rays. The samples were finally mounted and wire bonded to custom printed circuit boards so that current pulses could be injected.
In order to image the magnetization reversal process, the STXM available on beamline 11.0.2 at the Advanced Light Source (ALS) was used. Images of the spatially resolved magnetic contrast with a time resolution of 70 ps were obtained as described in Refs. 10-13. Beamline 11.0.2 is equipped with an elliptically polarized undulator capable of providing arbitrary circular or linear polarization. In our experiment, the incident beam was parallel to the surface normal as shown in Fig. 1 and was focused by a zone plate with a 25 nm resolution. The photon energy is tuned to the characteristic Ni L 3 resonance edge. Note that Ni is present in both free and reference layers but is 2.5 times more in quantity in the free layer. In the following, we consider the magnetic configuration of the high-anisotropy reference layer uniform and fixed, as confirmed by the simulation. The experiment is repeated for both left-and right-circular polarizations to provide a magnetic contrast through the x-ray magnetic circular dichroism effect. 14 The experiment provides, for one specific element (nickel in our case), a measurement of the magnetization component parallel to the incident light direction, i.e., along the PMA axis.
A critical feature of our experimental setup is the ability to synchronize the current pulses to the bunch structure of the ALS ring within a precision of 70 ps, yielding the time resolution of our experiment. 10, 11 As presented in Fig. 1 , the current pulse sequence was applied as follows: 4 ns positive or set pulse/4 ns no current/4 ns negative or reset pulse/4 ns no current. Voltages of ±748 mV were applied during the set and reset pulses, respectively, corresponding to a current density of ∼5 × 10 7 A/cm 2 . The rise time of the current pulses was 100 ps. By varying the delay between the x-ray probe and the current pulses, we were able to measure the time evolution of the magnetization. Figure 2 shows a typical switching event as electrons traveled from the free layer to the reference layer. Therefore, the imaged CIMS process corresponds to the free-layer magnetization switching from a parallel to an AP alignment with respect to the reference layer magnetization. The experiment was carried out at room temperature and in the absence of a magnetic field.
The preset image in Fig. 2(a) shows the free-layer magnetization state before a current pulse is injected into the structure. Images shown in Fig. 2 are obtained by accumulating data while repeating the method described above. It is important to note that, since our experiment uses STXM in a pump-probe mode, the images show the perpendicular component of the Ni sublattice magnetization averaged over a large number of pulse sequences. As a consequence of the averaging, this method does not allow us to identify stochastic processes. Figure 2(b) shows that the sample undergoes a so-called incubation time during which the pillar is subjected to a spin-polarized current, but the free layer has not started to reverse its magnetic orientation. 15, 16 After this incubation time, a central region of the pillar starts reversing. This region of nucleation appears more clearly after 50 ps in Fig. 2(c) . Times quoted in Fig. 2 are given with respect to the first observed domain nucleation [ Fig. 2(b) ] because of a possible offset in the absolute time. In other words, the precision on the pulse onset time does not allow us to quantify the 1.3 ns incubation time with a better precision than 300 ps. The relative times, however, are accurate within the quoted time resolution. In Figs. 2(d) and 2(e), the reversed domain grows by domain-wall motion toward the edges. In Fig. 2(e) , at 550 ps, the sample magnetization has not fully switched yet. An image taken in between the set pulse and the reset pulse confirms the total saturation of the sample [Fig. 2(f) ]. The present data set offers direct proof of incoherency in the short-time regime CIMS. It provides an explanation for the discrepancies between the macrospin model and the very recent time-resolved macroscopic transport measurements performed on similar PMA devices. [6] [7] [8] To get a better understanding of the magnetization reversal, we performed a three-dimensional micromagnetic calculation of the Landau-Lifshitz-Gilbert (LLG) equation using the Scheinfein code 17 where the injected current pulse was taken into account in the Slonczewski spin-torque term. 18 The calculations performed considered a 100 × 300 nm 2 ellipsoidal element mimicking the same stack as described above where the reference layer is divided into 3750 cells and the soft layer is divided into 1875 cells. The free-layer parameters were M s = 650 emu/cm 3 (0.650 A/m) and K u = 2.7 × 10 6 erg/cm 3 (2.7 × 10 5 J/m 3 ). The reference layer had a saturation magnetization M s = 500 emu/cm 3 , and its magnetization was kept fixed along the anisotropy axis perpendicular to the film plane. The intralayer exchange coupling between cells is 2 μerg (20 pJ/m) (for both layers), the current polarization is p = 0.35, and the damping coefficient is α = 0.1. 3 Temperature was taken into account within an initial 5 • tilt of the free-layer magnetization. Current duration and amplitude were 4 ns and 15 mA, respectively. The electrons were injected from the free to the hard layer starting with a parallel initial configuration. A sequence of those simulations is shown in Fig. 3 .
The micromagnetic simulations shown in Figs. 3(a)-3(g) and the experimental STXM results are in good qualitative agreement. The simulated incubation time and switching time are 1.3 and 1.2 ns, respectively. The size of the nucleated domain is smaller than 50 × 50 nm 2 , and the domain-wall width is on the order of 20 nm. The simulated domain walls are Bloch-like walls, but this information is not experimentally confirmed because the STXM spatial resolution is about 25 nm. Rough calculations based on successive experimental images in Figs. 2(c)-2(e), as well as simulated results, lead to a domain-wall propagation speed on the order of 100 m/s. While fast domain-wall speeds have been observed in Co/Pt/AlOx systems, the results presented here are achieved with 5 orders of magnitude less current density. 9, 19 Note that simulations show a more dissymmetric nucleation and domain-wall propagation ( Fig. 3 ) than in the experimental images (Fig. 2) . However, such behavior may be artificially wiped out by the pump-probe nature of the measurements. The position of the magnetization nucleation inside the free layer must result from the addition of the dipolar field originating from the reference layer on the free layer and the free-layer internal demagnetization field. Indeed, starting from a parallel (P) configuration of the layer magnetizations, both these dipolar and demagnetization fields favor a magnetization reversal at the ellipse center. On the contrary, here, we can note that, starting from the antiparallel (AP) state, the nucleation may occur at the edge of the ellipse as favored by the dipolar field in this configuration. Then, the relative amplitude of the dipolar and demagnetization fields has to be quantified.
Finally, information on the free-layer magnetic behavior during the incubation time can be extracted from comparison between STXM data and simulation. Simulations in Fig. 4(c) show the out-of-plane (M z ) and in-plane (M x , M y ) components of the free-layer magnetization during the incubation time. The prenucleation dynamics features are a small amplitude oscillatory behavior of M z correlated to dephased M x and M y component oscillations. M x and M y oscillation amplitudes increase continuously until domain nucleation is reached. Such evolution is typical of a current-induced magnetization precession that leads to switching over a certain magnetization tilt angle. The precessional modes may be uniform 5 or nonuniform. 16 Figure 4 (a) corresponds to a STXM image taken at −250 ps where the minus sign indicates that the image was taken prior to the nucleation. The component of magnetization along the PMA axis is undoubtedly nonuniform over the pillar area when compared with the preset image [ Fig. 2(a) ]. This experimental result is well described within the simulations. A symptomatic case of the nonuniformity during the incubation time dynamics is shown in Fig. 4(b) . Although all the simulated spins precess as the current is turned on, a localized area of larger amplitude precession is observed that is continuously displaced during the incubation time and ultimately results in nucleation within that region.
In conclusion, by using the nanometer-scale resolution of STXM measurements combined with time resolution given by the ALS ring, we were able to investigate CIMS dynamics driven by polarized current pulses in a PMA sample. We observed that the fast switching is highly nonuniform for a 100 × 300 nm 2 ellipse. The STXM observations are well supported using a micromagnetic calculation. Comparison with simulations provides the details of the magnetization dynamics and the nucleation/propagation process, which occur during the magnetization switching. The nonuniformities observed in the magnetization during the incubation time and as the switching occurs explain the previously reported discrepancies between experimental results and the macrospin model. 6, 7 Future experiments designed to study the impact of nonuniform magnetization on the switching speed and thermal stability are needed as these are critical features in the development of spin-transfer magnetic random access memory applications.
